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The S22 test set of interaction energies for small model complexes Phys. Chem. Chem. Phys. 8,
1985 2006 has been very valuable for benchmarking new and existing methods for noncovalent
interactions. However, the basis sets utilized to compute the CCSDT interaction energies for some
of the dimers are insufficient to obtain converged results. Here we consistently extrapolate all
CCSDT/complete basis set CBS interaction energies using larger basis sets for the CCSDT
component of the computation. The revised values, which we designate S22A, represent the most
accurate results to date for this set of dimers. The new values appear to be within a few hundredths
of 1 kcal mol−1 of the true CCSDT/CBS limit at the given geometries, but the former S22 values
are off by as much as 0.6 kcal mol−1 compared to the revised values. Because some of the most
promising methods for noncovalent interactions are already achieving this level of agreement or
better compared to the S22 data, more accurate benchmark values would clearly be helpful. The
MP2, SCS-MP2, SCS-CCSD, SCSMI-MP2, and B2PLYP-D methods have been tested against the
more accurate benchmark set. The B2PLYP-D method outperforms all other methods tested here,
with a mean average deviation of only 0.12 kcal mol−1. However, the consistent, slight
underestimation of the interaction energies computed by the SCS-CCSD method an overall mean
absolute deviation and mean deviation of 0.24 and −0.23 kcal mol−1, respectively suggests that the
SCS-CCSD method has the potential to become even more accurate with a reoptimization of its
parameters for noncovalent interactions. © 2010 American Institute of Physics.
doi:10.1063/1.3378024
I. INTRODUCTION
It is now well recognized that the proper characterization
of noncovalent interactions requires the use of high-level ab
initio methods including electron correlation effects. This has
been shown extensively for the difficult case of the benzene
dimer.1–5 The coupled-cluster theory through perturbative
triples, CCSDT,6 has emerged as the most accurate method
that can be computationally afforded for modest sized sys-
tems and is considered the “gold standard” for chemical
accuracy.7 As research continues on larger noncovalent sys-
tems, it is very helpful to test the methods against available
CCSDT data. Unfortunately these data are somewhat lim-
ited due to the ON7 scaling of the CCSDT method, where
N is proportional to the system size. For noncovalent com-
plexes where CCSDT computations are tractable, recent
studies have tested various approximate methods that show
promising results.8–14
Excellent work by Hobza and co-workers15–18 provided
several key databases of CCSDT noncovalent interaction
energies. Among the most popular is the S22 test set, which
contains 22 dimers of various types H-bonded, dispersion
dominated and mixed and system sizes from water dimer to
adenine-thymine complexes.16 It has become increasingly
common to benchmark existing and new methods against the
S22 test set;19–27 some methods are even being parametrized
or adjusted based on reducing the error compared to the S22
interaction energies.28–30
Despite the high accuracy of the initial S22 CCSDT
interaction energies, the basis sets used vary between
complexes.16 As has become customary in such studies, es-
timates of the CCSDT complete basis set CBS limit were







small is a “coupled-
cluster correction,” CCSDT, evaluated in a small or
medium-sized basis. No diffuse functions were used for the
CCSDT computations in the S22 set except for the well
documented T-shaped and parallel-displaced benzene
dimers.3,31 The MP2 interaction energies were extrapolated
with the cc-pVQZ and cc-pV5Z basis sets, or the cc-pVTZ
and cc-pVQZ basis sets, depending on the size of the com-
plex diffuse functions were included only in a few cases.
The inconsistent use of basis sets driven by necessity in the
2006 computations was noted previously by Marchetti and
Werner23 while testing explicitly correlated wave function
methods for the computation of intermolecular interactions.
Furthermore, for the larger complexes such as conformations
of adenine-thymine and indole-benzene, only double- qual-
ity basis sets, without diffuse functions, were used for theaElectronic mail: sherrill@gatech.edu.
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CCSDT correction. Recently, potential energy curves for
20 complexes of the S22 test set were computed at the
CCSDT/CBS limit, in which the CCSDT terms were
consistently evaluated with the aug-cc-pVDZ basis set.32
Unfortunately, as pointed out by Janowski and Pulay,33
double- quality basis sets are not always sufficient to con-
verge the coupled-cluster correction. Marchetti and Werner27
worked to increase the basis sets for CCSDT computations
of the S22 complexes. However, they neglected the diffuse
functions on the hydrogens and only computed the interac-
tion energies for the smaller complexes of the S22 test set.
The CCSDT/aug-cc-pVTZ interaction energies have been
obtained for the stacked methyl adenine-methyl thymine
complex34 and two uracil dimer conformations.4 Both studies
suggested that the interaction energies for the larger com-
plexes of the S22 test set could change as much as a few to
several tenths of 1 kcal mol−1 when evaluating the
CCSDT term with the larger aug-cc-pVTZ basis set.
CCSDT computations on the benzene dimer using full or
truncated aug-cc-pVQZ basis sets also demonstrate that the
CCSDT term can change by around one-tenth of
1 kcal mol−1 from the aug-cc-pVDZ values.14,33,35
II. THEORETICAL METHODS
This study consistently extrapolates all interaction ener-
gies of the S22 test set to the CCSDT/CBS limit. The MOL-
PRO package of ab initio programs36 was used to compute
most interaction energies. The largest coupled-cluster com-
putations used NWCHEM 5.1 Refs. 37 and 38 on the Cray
XT4 “Jaguar” at Oak Ridge National Laboratory. Computa-
tions employed the aug-cc-pVXZ X=D,T,Q basis sets of
Dunning et al.39,40 and were counterpoise corrected.41 MP2/
CBS energies were computed by adding a two-point
extrapolation42 of the aug-cc-pVTZ and aug-cc-pVQZ corre-
lation energies to the aug-cc-pVQZ reference self-consistent
field SCF energy, denoted as aT-aQ. To these values, a
coupled-cluster correction, CCSDT, evaluated in a
smaller basis was added see below. For smaller systems,
we directly extrapolated CCSDT correlation energies to ob-
tain CCSDT/CBSaT-aQ interaction energies. The largest
changes to the SCF component of the interaction energies
when increasing from the aug-cc-pVTZ to the aug-cc-pVQZ
basis sets were observed for the formic acid and formamide
dimers, both by 0.09 kcal mol−1. When increasing further to
the aug-cc-pV5Z basis set, the SCF interaction energies for
both of these dimers only changed by 0.01 kcal mol−1. Simi-
lar results were previously obtained utilizing truncated ver-
sions of the basis sets by Marchetti and Werner,23 where the
SCF/aug-cc-pVQZ errors were not greater than
0.02 kcal mol−1 compared to the SCF/aug-cc-pV5Z results
for the entire S22 test set. Thus, the SCF component of the
interaction energies seems essentially converged with the
aug-cc-pVQZ basis set.
Regarding the MP2/CBS estimates, it is not obvious to
us which values are more reliable, the present aT-aQ ex-
trapolations, or the aQ-a5 extrapolations of Marchetti and
Werner.23 The latter study went up to quintuple- basis sets
compared to quadruple- in the present work, but it ne-
glected the diffuse functions on hydrogen atoms, which we
include here. However, there is a high level of agreement
between our MP2/CBS estimates and those of Marchetti and
Werner the largest difference is 0.03 kcal mol−1. For the
H-bonded systems, there is a somewhat larger difference be-
tween our counterpoise-corrected and uncorrected MP2/CBS
estimates see supplemental material43 than one might de-
sire, but comparison to Marchetti and Werner’s MP2/CBS
estimates or the limited aT-aQ CCSDT extrapolations
of Marchetti and Werner27 in the case of CCSDT/CBS
suggests that the counterpoise-corrected values are more ac-
curate and are essentially converged.
The coupled-cluster correction, CCSDT, was evalu-
ated with the aug-cc-pVDZ and aug-cc-pVTZ basis sets;
these results are referred to as the aDZ and aTZ correc-
tions, respectively. We also estimated a more reliable
CCSDT correction as the difference between the two-
point extrapolated CCSDT and MP2 correlation energies
using the aug-cc-pVDZ and aug-cc-pVTZ basis sets; this is
referred to as the aDTZ correction. All CCSDT terms
were added to the MP2/CBSaT-aQ energies. By compari-
son to larger-basis CCSDT computations, the quality of the
aDTZ correction scheme has been shown to be highly
accurate for the benzene dimer, methane-benzene, and
H2S-benzene complexes.
14 The MP2, SCS-MP2,8
SCS-CCSD,11 SCSMI-MP2,29 and B2PLYP-D Ref. 28
methods have been re-evaluated against the new
CCSDT/CBSaDTZ results.
We have chosen to adopt the original S22 geometries.
Interaction energies and geometries would change slightly
upon further optimization e.g., interaction energies would
change by 0.01 and −0.08 kcal mol−1 for the T-shaped and
parallel-displaced benzene dimers, respectively.14 Some of
the dimers that were originally optimized without diffuse
functions might change somewhat more than this. However,
as the primary value of the S22 test set has been in validation
of theoretical binding energies rather than in comparisons to
experiment, any reasonable set of geometries will suffice,
and using the original geometries makes it easier to compare
prior work to our revised benchmark data.
III. RESULTS
Table I shows all CCSDT/CBS interaction energy ap-
proximation schemes, along with fully extrapolated
CCSDT/CBSaT-aQ interaction energies for the smallest
complexes and the original S22 data. Comparing the fully
extrapolated CCSDT/CBSaT-aQ interaction energies to
the approximate extrapolations, all schemes give similar er-
rors for the smallest complexes ammonia, water, methane,
ethene, and ethane·ethine dimers, with the aDZ scheme
being slightly less accurate for the hydrogen bonded cases.
The aDTZ scheme, however, yields superior results for
the interaction energies of the formic acid and formamide
dimers; at the aTZ level, the interaction energy errors are
around one-tenth of 1 kcal mol−1, whereas at the aDTZ
level the errors are within one-hundredth of 1 kcal mol−1.
We further note that the interaction energies were nearly con-
verged at the aDZ level for all the mixed complexes, with
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differences of less than 0.04 kcal mol−1 when comparing to
the aTZ interaction energies. It is, therefore, reasonable to
assume that the aDTZ interaction energies for the mixed
complexes must also result in, at most, a few hundredths of
1 kcal mol−1 error compared to the fully extrapolated
CCSDT/CBSaT-aQ interaction energies. Furthermore,
compared to the CCSDT/CBSaT-aQ interaction ener-
gies with truncated basis sets for several of the test cases
published by Marchetti and Werner27 see supplemental
material43, and the benzene·CH4 dimer and three orienta-
tions of the benzene dimer in our previous work,14 the
aDTZ correction also incurs only a few hundredths of
1 kcal mol−1 error. Having established the effectiveness of
the counterpoise-corrected CCSDT/CBSaDTZ ap-
proximation scheme, we will use these values as the bench-
marks in the subsequent discussion.
In general, the severity of the aDZ approximation
scheme errors increases as the system sizes increase for the
hydrogen bonded and dispersion dominated complexes,
whereas the aTZ errors remain relatively constant through-
out. For the hydrogen bonded complexes, the aDZ approxi-
mation underestimates the interaction energy anywhere from
0.07–0.34 kcal mol−1, with the worst cases being for the
formic acid dimer and adenine-thymine complex. For the
dispersion dominated complexes, the aDZ approximation
overestimates the interaction energy by as much as
0.16 kcal mol−1, with the worst case being for adenine-
thymine complex. The aTZ absolute errors are less than 0.1
and 0.05 kcal mol−1 for the hydrogen bonded and dispersion
dominated complexes, respectively. For the mixed com-
plexes, both approximation schemes perform rather well
with absolute errors of less than 0.05 and 0.01 kcal mol−1
for the aDZ and aTZ schemes, respectively.
The aDZ scheme yields larger absolute errors with in-
creasing system size, and the original S22 data are also less
accurate for the interaction energies of the larger complexes.
This is exemplified by the formic acid dimer and adenine-
thymine Watson–Crick geometry interaction energy errors;
the original S22 value is more accurate than the aDZ ap-
proximation for the formic acid dimer, but is less accurate for
adenine-thymine. For the original S22 data, TZ and DZ
CCSDT corrections without diffuse functions were com-
TABLE I. CCSDT basis set consistent interaction energies in kcal mol−1 for the S22 test set.
Complex Originala CBSaDZ b CBSaTZ c CBSaDTZ d CBSe
H-bonded complexes
NH32 3.17 3.10 3.15 3.17 3.15
H2O2 5.02 4.92 4.99 5.02 5.07
Formic acid dimer 18.61 18.46 18.70 18.80 18.81
Formamide dimer 15.96 15.84 16.03 16.12 16.11
Uracil dimer 20.65 20.42 20.61 20.69 ¯
2-pyridoxine·2-aminopyridine 16.71 16.70 16.91 17.00 ¯
Adenine· thymine WC 16.37 16.43 16.65 16.74 ¯
Dispersion dominated complexes
CH42 0.53 0.53 0.53 0.53 0.53
C2H42 1.51 1.48 1.49 1.50 1.48
Benzene·CH4 1.50 1.47 1.45 1.45 ¯
PD benzene dimer 2.73 2.73 2.65 2.62 ¯
Pyrazine dimer 4.42 4.33 4.24 4.20 ¯
Uracil dimer 10.12 9.83 9.77 9.74 ¯
Stacked indole·benzene 5.22 4.62 4.60 4.59 ¯
Stacked adenine· thymine 12.23 11.82 11.71 11.66 ¯
Mixed complexes
Ethene·ethine 1.53 1.50 1.51 1.51 1.50
Benzene·H2O 3.28 3.27 3.28 3.29 ¯
Benzene·NH3 2.35 2.33 2.32 2.32 ¯
Benzene·HCN 4.46 4.52 4.54 4.55 ¯
T-shaped benzene dimer 2.74 2.75 2.72 2.71 ¯
T-shaped indole benzene 5.73 5.63 5.63 5.62 ¯
Phenol dimer 7.05 7.04 7.08 7.09 ¯
aTaken from Ref. 16. Italicized energies denote the significant changes 0.1 kcal mol−1 compared to the
CBSaDTZ results.
bEstimated via an addition of the difference between MP2 and CCSDT correlation energies with the aug-cc-
pVDZ basis set to the MP2/CBSaT-aQ energies.
cEstimated via an addition of the difference between MP2 and CCSDT correlation energies with the aug-cc-
pVTZ basis set to the MP2/CBSaT-aQ energies.
dEstimated via an addition of the difference between MP2/CBSaD-aT and CCSDT/CBSaD-aT correlation
energies to the MP2/CBSaT-aQ energies.
eTwo-point extrapolation of the CCSDT correlation energies with the aug-cc-pVTZ and aug-cc-pVQZ basis
sets.
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puted for the formic acid dimer and adenine-thymine, respec-
tively. The use of different basis sets leads to the inconsistent
reliability of the original S22 data, and the neglect of diffuse
functions yields absolute errors greater than the aDZ ap-
proximation errors for the larger complexes. Overall, the re-
sult of consistently utilizing the aDTZ CCSDT correc-
tion changes 10 of the 22 interaction energies by more than
0.1 kcal mol−1 from the original S22 data, as indicated in
Table I.
Table II presents the mean absolute deviation MAD,
mean deviation MD, and root mean squared rms devia-
tion for the MP2, SCS-MP2, SCS-CCSD, SCSMI-MP2,
and B2PLYP-D methods, as well as the original S22 data,
compared to the S22A benchmark energies. Overall, the MP2
and SCS-MP2 methods perform similarly, with MADs of
0.88 and 0.80 kcal mol−1, respectively. The MP2 method
outperforms the SCS-MP2 method for hydrogen bonded
complexes, whereas the SCS-MP2 method outperforms the
MP2 method for both dispersion and mixed complexes. The
overall performance of the SCS-CCSD and SCSMI-MP2
methods is somewhat similar, despite the parametrization of
the SCSMI-MP2 method for S22 test set. The SCSMI-
MP2 method incurs similar errors for the hydrogen bonded
and dispersion dominated complexes with a slightly better
performance for the mixed complexes, leading to the overall
0.28 kcal mol−1 MAD. The SCS-CCSD method outperforms
all other methods tested here for the mixed complexes but
underestimates most interaction energies to yield an overall
MD of 0.23 and a MAD of 0.24 kcal mol−1. While this
performance is quite good, a reparametrization of the SCS-
CCSD method for the computation of noncovalent interac-
tions would likely increase its accuracy and more easily jus-
tify the expense of performing CCSD computations. The
most accurate method tested is the B2PLYP-D method with
an overall MAD of 0.12 kcal mol−1; this method has been
parametrized specifically for the original S22 interaction en-
ergies. Interestingly, increasing the basis set results in much
greater errors for the dispersion dominated complexes than
for the H-bonded and mixed complexes when comparing the
original S22 data to the revised data. This is perhaps not
surprising in that polarizability to which dispersion is re-
lated is known to be difficult to converge with respect to
basis set.
Given the very small errors exhibited by SCS-CCSD and
B2PLYP-D, the usefulness of the new benchmark energies
becomes apparent. The original S22 data incur an overall
MAD of 0.15 kcal mol−1 compared to the
CCSDT/CBSaDTZ interaction energies; the overall
MAD of the B2PLYP-D method is less than that of the origi-
nal S22 data. Furthermore, if the original S22 data are used
as the benchmarks, the MADs for the hydrogen bonded and
dispersion dominated complexes of the SCS-CCSD method
would be 0.25 and 0.54 kcal mol−1, respectively, as opposed
to 0.40 and 0.23 kcal mol−1, respectively. Thus the original
S22 data incorrectly suggest that the SCS-CCSD method ap-
proximates hydrogen bonded complexes more accurately
than dispersion dominated complexes.
TABLE II. interaction energy error statistics in kcal mol−1 for the S22A using CCSDT/CBSaDTZ
results test set with various methods.
Test set Originala MP2b SCS-MP2b SCS-CCSDc SCSMI-MP2d B2PLYP-De
H-bonded complexes
MADf 0.15 0.24 1.54 0.40 0.30 0.14
MDg 0.15 0.14 1.54 0.40 0.20 0.08
rmsh 0.20 0.27 1.69 0.47 0.36 0.17
Dispersion dominated complexes
MADf 0.25 1.69 0.55 0.23 0.37 0.12
MDg 0.25 1.68 0.32 0.22 0.19 0.02
rmsh 0.34 2.15 0.69 0.31 0.43 0.17
Mixed complexes
MADf 0.05 0.61 0.37 0.08 0.17 0.11
MDg 0.01 0.61 0.37 0.08 0.06 0.07
rmsh 0.06 0.72 0.41 0.09 0.20 0.14
Overall
MADf 0.15 0.88 0.80 0.24 0.28 0.12
MDg 0.04 0.76 0.72 0.23 0.02 0.06
rmsh 0.45 1.05 0.96 0.54 0.58 0.40
aOriginal S22 test set from Ref. 16.
bCBSaT-aQ interaction energies.
cCBSaDTZ interaction energies.
dEnergies evaluated with the two-point extrapolation of the correlation energies with the cc-pVTZ and cc-pVQZ
basis sets taken from Ref. 29.
eEnergies counterpoise corrected evaluated with the aug-cc-pVTZ basis taken from Ref. 28.
fMean absolute deviation.
gMean deviation.
hRoot mean squared deviation.
144104-4 Takatani et al. J. Chem. Phys. 132, 144104 2010
Downloaded 06 May 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
IV. CONCLUSION
A small test set of noncovalent interactions, such as the
S22 test set, is indeed useful for benchmarking and param-
etrization purposes. However, approximate methods have
now reached an accuracy where higher-quality benchmark
data using consistent basis sets across the set of dimers are
necessary to allow for further improvements. Overall, the
B2PLYP-D method outperforms all other approximate meth-
ods tested here, while the SCS-CCSD method outperforms
all other methods for mixed complexes. We recommend the
revised benchmark energies provided here, along with recent
potential energy curves for small dimers,14 for future assess-
ment and parametrization of methods for noncovalent inter-
actions.
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